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In order to take head movement into account in objective evaluation of perceived spatial impression (including source 
direction), a suitable binaural capture device is required. A signal capture system was suggested that consisted of a 
head-sized sphere containing multiple pairs of microphones which, in comparison to a rotating head and torso simulator 
(HATS), has the potential for improved measurement speed and the capability to measure time varying systems, albeit 
at the expense of some accuracy. The error introduced by using a relatively simple sphere compared to a more 
physically accurate HATS was evaluated in terms of three binaural parameters related to perceived spatial impression – 
interaural time and level differences (ITD and ILD) and interaural cross-correlation coefficient (IACC). It was found 
that whilst the error in the IACC measurements was perceptually negligible, the differences in measured ITD and ILD 
values between the sphere and HATS were not perceptually negligible, although they were reduced slightly when the 
sphere was mounted on a torso. However, it was found that the sphere-with-torso could give accurate predictions of 
source location based on ITD and ILD, through the use of a look-up table created from known ITD-ILD-direction 
mappings. Therefore the validity of the sphere-with-torso as a potential head-movement-aware binaural signal capture 
device for perceptually relevant measurements of source direction (based on ITD and ILD) and spatial impression 
(based on IACC) was demonstrated.  
INTRODUCTION 
One of the major areas of psychoacoustic research is the 
development of objective measures to predict perceived 
acoustical attributes. This reduces the need for repetitive 
subjective tests, which are laborious and time 
consuming. A noticeable feature of human listening 
behaviour is head movement, which has been known to 
help localise the sound source [1, 2]. However, head 
movement is rarely taken into account when capturing 
signals for objective measurement of spatial impression, 
an acoustical attribute closely related to people’s 
preference of listening spaces [3, 4]. This research 
focuses on objective evaluation of perceived spatial 
impression (including source direction), takes into 
account the nature of head movement in various 
listening activities, and applies the findings to the 
development of an enhanced signal capture system.  
1 BACKGROUND, MOTIVATION AND AIM  
In the following subsections, previous related studies of 
the two key-phrases in this research – spatial impression 
and head movement – are introduced, followed by 
previous investigations into head-movement-aware 
binaural signal capture techniques. Then the motivation 
and aim of the study are described. 
1.1 Concepts of spatial impression and its binaural 
measurement  
Marshall [3] and Barron [5], who conducted early 
research into spatial impression as an acoustical 
attribute, described it as the feeling of the source 
broadening or the music “beginning to gain body and 
fullness”, or as a feeling related to “envelopment”. 
Other researchers such as Blauert and Lindemann [6], 
Yanagawa et al. [7], and Tohyama and Suzuki [8] 
acknowledged and supported this concept, and 
gradually consolidated it into two categories: one 
related to the sound source and the other to the listener. 
The two terms source width and envelopment are now 
widely used by many researchers [9-11] to denote two 
distinct dimensions of spatial impression caused by 
different physical properties of sound [12-14]. Attempts 
to relate the perceived spatial impression to binaural 
parameters, that is, those measurable from the signals 
captured at the two ears, have found that the interaural 
cross-correlation coefficient (IACC) can be used as an 
effective indicator of source width or envelopment [6, 
15-18].  
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1.2 Nature of head movement in listening activities 
Previous studies of head movement in listening 
activities have shown that in general making head 
movements helps listeners locate the source [19-23], as 
the action of moving the head provides additional 
information in terms of changes in interaural time and 
level differences (ITD and ILD respectively), which are 
known as the major cues for horizontal source 
localisation [24]. A recent study by the authors 
investigated the nature of head movements in a variety 
of listening activities: listening to synthesised stimuli in 
controlled subjective tests to judge specific acoustical 
attributes, and listening to sounds in more realistic 
situations such as attending concerts, whilst playing 
video games and whilst watching movies [25]. Firstly, 
in the controlled listening tests, it was found that the 
listeners moved their heads to larger extents whilst 
judging source width or envelopment than whilst 
judging source direction or timbre. Secondly, the range 
of head orientation was observed to be confined around 
the initial forward-facing direction, and the 
corresponding ear trace was found to follow a sloped 
path higher towards the rear and lower towards the 
front. This tendency was consistent in the two different 
types of listening circumstances, controlled and natural. 
These findings implied that consideration of head 
movement is not only important for source localisation 
but also for judgments of source width and 
envelopment. Hence, it is suggested that in order to 
develop a measurement system for objective evaluation 
of spatial impression, modelling the nature of head 
movements found from the research, i.e. the confined 
and sloped ear path, would be beneficial in terms of 
extracting acoustic information to match the perceived 
attributes. 
1.3 Previous attempts towards head-movement-
aware acoustic measurement 
Attempts to design and develop sound capture systems 
that mimic human listeners resulted in physical models 
which resemble the shape of human head and torso 
(known as head and torso simulators, or HATS), such as 
KEMAR (Knowles Electronics Manikin for Acoustic 
Research) [26], one developed by HEAD Acoustics [27], 
and VALDEMAR [28]. These models fundamentally 
aimed at realistic reproduction of sound fields, 
especially in terms of perception of source location. One 
of the limitations of these models was that the effects of 
head movements in real listening are not represented in 
a single measurement. Two different approaches to 
overcoming this limitation have been made. Firstly, the 
techniques used by Spikofski and Fruhmann [29], or 
Farina and Ayalon [30] involved rotating a HATS 
around a range of azimuth angles corresponding to the 
orientation of the head. A second approach named the 
MTB (Motion-Tracked Binaural) technique was 
introduced by Algazi et al. [31], which uses multiple 
microphones around a simpler spherical head model to 
capture the binaural signals at various head orientations 
simultaneously. With carefully derived sampling and 
interpolation methods, they attempted to deliver the 
head-movement-dependent feeling of a sound field to a 
listener with a head tracker attached. This technique 
enabled quicker signal capture, eliminating the need to 
physically turn the dummy head and to make repetitive 
measurements, at the cost of accuracy due to the 
simplification of the head or omission of the torso. 
1.4 Motivation and aim of study 
As described above in Section 1.2, this study is 
motivated by the finding from the authors’ previous 
work that listeners make head movements when 
subjectively evaluating spatial impression, in a pattern 
that could be modelled in the development of an 
enhanced measurement system. The aim of this study is 
to determine and design a practical and perceptually 
accurate signal capture system which takes the nature of 
head movement into account and can be used for 
objective evaluation of perceived spatial impression 
(including source direction) as a replacement for or 
supplement to subjective tests. 
2 INVESTIGATION OF SIGNAL CAPTURE 
TECHNIQUES TOWARDS HEAD-
MOVEMENT-AWARE PREDICTION OF 
SPATIAL IMPRESSION 
In order to incorporate head movements into a binaural 
capture system for objective analysis of spatial 
impression, the two techniques mentioned above were 
examined: using a sphere with multiple microphones, 
and using a HATS that rotates. Since a dummy head is 
physically more similar to a human head than is a 
sphere, using this to capture the sound at a number of 
positions would enable a more accurate measurement. 
However, using multiple microphones on a sphere can 
not only significantly reduce the time required to 
capture the binaural signals corresponding to the range 
of head movement, but can also be used for time-
varying sound fields. In order to determine whether the 
decrease in measurement accuracy caused by using a 
sphere would be perceptually noticeable in comparison 
to using a HATS, an experiment was conducted to 
compare measurements made with both devices. This 
experiment is summarised below. Full experimental 
details and background research are further described in 
the authors’ previous publications [32] and [33]. 
2.1 Comparison of two binaural signal capture 
techniques 
Investigation into the reduction of accuracy was 
conducted by developing a test sphere containing one 
pair of microphones and by comparing measurements of 
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three parameters related to perceived spatial impression 
– ITD, ILD and IACC – made with this sphere to 
measurements made with a HATS. It was assumed that 
the measured results of the HATS were accurate, and 
hence any deviations from this in the measurements 
using the sphere were errors. Although similar 
comparison has been made in [31] in the case of ILD, in 
this research the ITD and IACC are additionally 
considered, and their differences are now evaluated not 
only numerically but also using a perceptually-
motivated threshold, through comparisons to the just-
noticeable-differences (JNDs) of these parameters.  
2.1.1 Experiment 
The experiment was designed such that a range of ITDs, 
ILDs and IACCs could be measured at various degrees 
of head orientation in azimuth. The HATS used was a 
Cortex Manikin MK2, which incorporates Microtech 
Gefell MK231 microphones at the two ears and whose 
dimensions conform to international standard IEC TR 
60959 [34]. The sphere model was a plastic sphere of 
17.2cm diameter (based on average head size as 
discussed in [32]), with two omni-directional 
microphones (Countryman B3), each placed on the 
surface through a small hole, 180 degrees apart from the 
other.  
 
In order to create signals with a range of ITD, ILD and 
IACC values, the binaural impulse responses from a 
single Genelec 8020A loudspeaker were measured at a 
range of positions in a pseudo-anechoic manner [35]. 
The impulse responses were captured in a large 
reverberant room which has dimensions of 17m (width) 
× 14m (depth) × 7m (height), and a reverberation time 
of 1.1 to 1.5 seconds. A swept-sine technique [36] was 
used for the acquisition of the impulse responses. The 
head model was placed 2.5m from the loudspeaker, on 
an Outline ET2-ST2 rotating table which enabled 
measurements at head orientation angles from 0° to 
360° azimuth in 2.5° intervals. The loudspeaker and the 
ears (or the microphones) were positioned 2.35m above 
the floor. After the swept sine signal was recorded and 
deconvolved to provide an impulse response, the 
reflections of the room were removed by applying a 
rectangular window, giving a pseudo-anechoic result. 
This procedure imposed a low frequency limit of 
validity on each of the resultant trimmed responses, 
which was approximately 110Hz, corresponding to the 
arrival time difference of 9.1ms between the direct 
sound and the first reflection (which came from the 
floor).  
 
The binaural signals for analysis were created by 
convolving the appropriate pseudo-anechoic impulse 
response(s) with one or more decorrelated white 
Gaussian noise signals. A single point source in front of 
the receiver, and multiple decorrelated sources spanned 
in front around the centre, varying in number and in 
span angle, were simulated.  
In addition to a sphere in isolation, the effect of 
additional components such as pinnae, a torso, and a 
nose were evaluated in all combinations. Figure 2-1 
shows the HATS and one of the variations of the sphere 
in the actual measurement environment. 
 
 
                        (a)    (b) 
Figure 1: Measurement setting with two binaural head 
models: (a) HATS and (b) sphere with a nose, mounted 
on torso. 
2.1.2 Parameter calculation and comparison\ 
From the resultant binaural responses, ITD and IACC 
were calculated using the cross-correlation function as 
follows: 
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where fl(t) and fr(t) are the signals at the left and the 
right ears, t1 and t2 define the period of measurement, 
and τ is the offset between fl(t) and fr(t). IACC was 
determined as the maximum value of C(τ) over the 
range of |τ|≤1ms. The range of τ is specified such that 
the maximum possible ITD, caused by the maximum 
path length difference between the two ears (when the 
two ears are in line with the path of sound propagation), 
can be included. At the same time, the value of τ at 
which C(τ) is maximum was taken as the ITD [37]. ILD 
was calculated by subtracting the mean sound pressure 
level (SPL) of the signal at the left ear from that at the 
right ear. All the three parameters were calculated in a 
number of different frequency bands using an ERB-
spaced gammatone filterbank [38]. The low frequency 
limit of the analysis was dictated by the 110Hz validity 
limit explained above. The high frequency limit was set 
to 10kHz, the high frequency response limit of the 
microphones used in the HATS. 
 
The differences in the three parameters between the 
HATS and each variation of the sphere were compared 
to the acceptable “tolerances of measurement” which 
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were specified to be the JNDs of ITD, ILD and IACC. 
The JNDs were derived from previous related studies, 
and a detailed discussion can be found in [39]. In 
general, these JND values were found to be dependent 
on a range of factors, including source characteristics, 
measurement conditions, and initial values. Therefore 
an average value was taken, or a relationship between 
the JND and the reference (initial value) was derived, as 
follows: 
2 5
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where Δ and R followed by the subscripts ITD, ILD or 
IACC denote the JND and reference of the indicated 
parameters respectively. In addition, it was found that 
the IACC can affect the ITD JND [40]. Using the 
experimental results of Jeffress et al. [40], the IACC-
dependency of the ITD JND was calculated in the form 
of a ratio as a function of IACC, and applied to the 
above expression (2) for ITD JND, resulting in a 
modified version as a function of both the ITD reference 
and the IACC reference: 
 
2 5
wITD ITD ITD
4 3 2
IACC IACC IACC
IACC
(126.92 0.023089 1.8694 10 )
(34.424 88.833 80.754
31.067 5.7167)
R R
R R R
R
!" = # ! # + $ #
# ! # + #
! # +
(4) 
 (ΔwITD denotes the ITD JND with both the 
dependencies applied). 
 
The measurement results obtained from the HATS were 
used as the reference ITD and IACC values. 
2.1.3 Results and discussion 
A number of permutations were tested, including the 
sphere on its own, and the addition of a range of 
features such as pinnae, a nose and a torso. It was found 
that these parameters had little effect on the accuracy of 
the IACC results, and that for the ITD and ILD the 
measurements of the sphere and torso matched the 
HATS measurements most closely. Figures 2 to 5 show 
the measured differences in the ITD, ILD and IACC 
between the HATS and the sphere mounted on a torso. 
The results are displayed in terms of whether they are 
greater (bright areas) or smaller (dark areas) than the 
JNDs calculated as above. For the circular plots of 
Figures 2 to 4, these results are displayed across the 
range of gammatone filterbank centre frequencies (from 
100 Hz in the centre to 10kHz around the outside) and 
for the range of source directions in azimuth (in the case 
of point source), using a layout similar to that of Algazi 
et al. [31]. For the square plot of Figure 5, the results are 
displayed across frequency (on the x-axis) and for the 
various angular spanning widths of the sources (on the 
y-axis). In other words, the dark areas mean the 
difference between the two models is perceptually 
negligible, and the bright areas mean it is not.  
 
It can be seen that the ITD and ILD differences in the 
case of the point sources are in general not perceptually 
negligible, except for the source directions around 0° 
and 180°, for which the ITD and ILD should be minimal 
regardless of the head model. However, the IACC 
differences are perceptually negligible for both the point 
source and the spanned sources, in the majority of cases, 
particularly at low frequencies. This indicates that some 
versions of IACC, especially those specified only for 
low frequencies, can be measured with the sphere model 
instead of the HATS without much modification. 
IACCE3 is a good example, which is specified as the 
average of IACCs in three octave bands of 500, 1000 
and 2000Hz centre frequencies, and has been found to 
be related to the subjective evaluation results of source 
width [41]. 
 
 
Figure 2: ITD difference for the point source between 
the HATS and the sphere with torso, compared to the 
measurement tolerance (JND). Each bright area 
indicates that the difference between the two models 
exceeds the measurement tolerance and therefore is 
perceivable; each dark area indicates that the difference 
is within the measurement tolerance and therefore is 
perceptually negligible. The angles indicate the source 
direction in azimuth, and the gammatone filterbank 
centre frequency increases outward from the centre.  
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Figure 3: ILD difference for the point source between 
the HATS and the sphere with torso, compared to the 
measurement tolerance (JND). Each bright area 
indicates that the difference between the two models 
exceeds the measurement tolerance and therefore is 
perceivable; each dark area indicates that the difference 
is within the measurement tolerance and therefore is 
perceptually negligible. The angles indicate the source 
direction in azimuth, and the gammatone filterbank 
centre frequency increases outward from the centre. 
 
 
Figure 4: IACC difference for the point source between 
the HATS and the sphere with torso, compared to the 
measurement tolerance (JND). Each bright area 
indicates that the difference between the two models 
exceeds the measurement tolerance and therefore is 
perceivable; each dark area indicates that the difference 
is within the measurement tolerance and therefore is 
perceptually negligible. The angles indicate the source 
direction in azimuth, and the gammatone filterbank 
centre frequency increases outward from the centre. 
IACC value differences between HATS and
sphere-with-torso(spanned source), exceeding tolerance
based on Weber's ratio of 0.30
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Figure 5: IACC difference for the spanned sources 
between the HATS and the sphere with torso, compared 
to the measurement tolerance (JND). Each bright area 
indicates that the difference between the two models 
exceeds the measurement tolerance and therefore is 
perceivable; each dark area indicates that the difference 
is within the measurement tolerance and therefore is 
perceptually negligible. The angles on the vertical axis 
indicate the angular width of the simulated sources. 
2.2 Investigation into source direction prediction 
ability of the sphere  
Although the ITD and ILD differences shown above 
were found to be greater than the JNDs for most source 
directions and frequency hands, it may still be possible 
to use ITD and ILD measurements made with the sphere 
to accurately judge the location of the sound sources in 
terms of azimuth. To clarify this, a separate test was 
designed to observe the source direction prediction 
ability of the sphere model. This section describes the 
test procedure and discusses the results. 
2.2.1 Test procedure 
From the measured ITD and ILD values for known 
source directions in azimuth, it is possible to create a 
database, from which one can estimate the source 
direction corresponding to a given set of ITD and ILD 
values, as Supper [42] did in his development of a 
source localisation system for binaural stimuli. Firstly, 
from the measured ITD and ILD data using the HATS 
and the sphere with torso, ITD and ILD databases were 
created to form “lookup tables” which map source 
directions, from 0° to 360° (or -180° to 180°) at 2.5° 
intervals, to measured ITD and ILD values. Secondly, 
each of these lookup tables was tested using different 
sets of ITD and ILD values. These test sets were 
generated by means of averaging two adjacent measured 
values for a single intended source direction. For 
example, the ITD values for the intended source 
direction of 3.75° azimuth (for all the introduced 
frequency bands from 100 to 10119Hz) were created by 
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averaging those measured at 2.5° and at 5°. This way, a 
test set was created for the intended source directions of 
-178.75° to 171.25° in intervals of 12.5°, for each of the 
two parameters (ITD and ILD), and each of the models 
(HATS and sphere with torso).  
 
With the ITD and ILD test data for each of the intended 
source directions, the lookup tables were used to derive 
a prediction of the source direction. More specifically, 
for each of the test ITD or ILD data, the lookup tables 
were converted to lists of probability, indicating how 
close the lookup values are to the given test value. The 
source direction was predicted as that for which the sum 
of probabilities for ITD and ILD, averaged over all the 
introduced frequency bands, was the largest.  
2.2.2 Results and discussion 
The results of comparisons of the predicted source 
directions to the intended ones are shown in Figure 6. 
The plots of (b) and (c) are the results of “incorrect 
comparison” made on purpose – prediction of source 
direction from the test set for the sphere-with-torso 
model using the lookup table made from HATS 
measurement, and vice versa.  
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 (c)       (d) 
Figure 6: Results of horizontal source angle prediction from test ITD and ILD sets using lookup tables created with 
actual HATS and sphere-with-torso measurements. (a) prediction from HATS test data with HATS lookup table, (b) 
from sphere-with-torso test data with HATS lookup table, (c) from HATS test data with sphere-with-torso lookup table, 
and (d) from sphere-with-torso test data with sphere -with-torso lookup table. 
 
It is seen that, in the cases of incorrect comparisons, 
some front-back confusions are found, which seem to be 
due to the front-back symmetry of the sphere compared 
to the HATS. When correct comparisons are made, i.e., 
the HATS lookup table is used for the HATS test data 
and the sphere lookup table is used for the sphere test 
data, the prediction is almost always accurate as seen 
from Figure 6(a) and (d), except for only one case of 
front-back confusion in Figure 6(d). If the sphere was 
used on its own, it would be expected that there would 
be a greater number of front-back confusions due to the 
front-back symmetry. The relatively good performance 
 AES 40th International Conference, Tokyo, Japan, 2010 October 8–10  7 
shown here is likely to be due to the addition of the 
torso, which reduces the front-back symmetry, and 
hence reduces front-back confusions in the measured 
results.  
 
These findings indicate that although the ITD and ILD 
measured with the sphere with torso were not close 
enough to those measured with the HATS for the 
differences to be totally perceptually negligible, the 
sphere model can still predict horizontal source 
direction reliably. Since the IACC difference between 
the two models was mostly perceptually negligible as 
seen from Figures 4 and 5, it seems that the sphere 
model (with torso) is still valid to predict the perceived 
location based on the ILD and ITD, and the spatial 
impression based on the IACC. 
3 SUMMARY AND CONCLUSION 
This research was motivated by the aim of developing a 
perceptually-relevant signal capture and binaural 
analysis model, for the purpose of objective evaluation 
of perceived spatial impression (including source 
direction). In particular, an efficient signal capture 
technique was sought that can closely mimic the human 
listening mechanism by taking head movement into 
account, following a previous study which revealed that 
listeners make head movements when attempting to 
judge source width and envelopment, as well as source 
direction. Two types of capture device were suggested 
to realise this feature – a HATS that rotates, and a 
sphere with multiple microphones to capture the signals 
simultaneously. The reduction in measurement accuracy 
caused by using the sphere, which simplifies the shape 
of the head compared to the HATS, was examined, 
leading to the discussion of whether the sphere, possibly 
with additional parts of the body attached, would be 
valid as a signal capture model for the prediction of 
perceived spatial impression.  
 
The differences in three binaural parameters (ITD, ILD 
and IACC) measured with the two head models were 
compared to their JNDs which had been determined 
from a number of previous related works. The results 
showed that whilst the IACC differences in most cases 
were smaller than the JND and thus would be 
perceptually negligible, the ITD and ILD differences 
were mostly above the JND thresholds, even with the 
optimal configuration of a sphere mounted on a torso. 
However, the ITD and ILD data collected using the 
sphere-with-torso proved to be useful enough to predict 
horizontal source direction successfully using a lookup-
table-based approach. These findings indicate that the 
sphere-with-torso, though simplifying the head shape 
and thus introducing some measurement errors, will be 
valid as a signal capture tool for the evaluation of spatial 
impression including source direction, if IACC, 
particularly at low frequencies, is used for prediction of 
perceived source width or envelopment, and ITD and 
ILD are used for prediction of source direction.  
4 FURTHER WORK 
 
This study has demonstrated the usefulness of the 
sphere-with-torso signal capture device with a single 
pair of microphones for ITD, ILD and IACC 
measurements. The ultimate goal of the research – a 
head-movement-aware signal capture system which 
considers the nature of head movements investigated 
and introduced previously in Section 1.2 – requires 
further work.  
 
The study presented in this paper deals with a head and 
torso that rotate together. For seated listeners, however, 
it is mostly the case that the torso remains relatively 
stationary, and the head is moved independently. This 
can be reflected in a measurement system which 
incorporates a torso and a spherical ‘head’ containing 
pairs of microphones representing the range of typical 
head positions found previously [25]. From the 
investigation described above, it is expected that this 
system will be capable of making viable measurements, 
as the presence or absence of the torso made little 
difference to the accuracy of the IACC measurements, 
and the localisation performance based on the ILD and 
ITD can be optimised through the use of custom look-
up tables. However, it is not possible to test the 
accuracy of such measurements compared to those of a 
HATS as described above, as no commonly available 
HATS incorporates a head that can rotate around the 
plane found in previous research [25]. 
 
Hence, the sphere and torso model incorporating 
multiple pairs of microphones will be further evaluated 
by feeding the captured signals into a binaural hearing 
model, and comparing the resulting predictions with 
subjective judgments of a range of stimuli.  
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